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  Abstract: The activation of Cu/ZnO-based catalysts before their 
application is a key step and sensitive process enabling the 
development of the entire catalytic potential. Here, we report on a 
complementary (soft and hard) in-situ X-ray absorption spectroscopy 
(XAS) study investigating in detail the changes of a Cu/ZnO:Al 
catalyst upon thermal treatment in reducing atmosphere (10% H2) at 
ambient pressure. The spectroscopic features of Cu, Zn and Al are 
investigated. Beyond the reduction event of the Cu moieties, the role 
of high temperature carbonate and the Al-dopant is discussed up to 
the consequences for the ZnO polymorphism. The stability of the 
observed effects and thus their catalytic relevance are validated by 
operando XAS under reverse water gas-shift conditions.  
Cu/ZnO-based catalysts are applied in CO and CO2 
hydrogenation reactions like methanol synthesis and reverse 
water gas-shift (rWGS) reaction since decades.[1] Numerous 
thorough investigations on the synthesis of the precursor and 
the influence of the synthesis parameters are conducted.[2] Also 
the thermokinetic analysis of the subsequent calcination step to 
the oxidic precatalyst is known, including a discussion of the 
possible role of high temperature carbonates (HT-CO3) in 
catalysis.[3] Besides, some studies discuss the state of the 
activated catalyst before and after catalytic testing.[4] In addition, 
some studies report on oxygen deficient ZnO1-x phases and 
different kinds of ZnO morphologies as well as the role of Al as 
dopant of the ZnO.[5] Based on a precise control of the synthesis 
conditions, structure-activity correlations are extracted and 
various active site models are proposed.[6] However, in all of 
these references the CuZnO-based catalysts have to be 
activated or reduced. Generally, the process of activation is 
regarded equivalent to the reduction of the Cu-oxides to Cu 
metal[7] and the fate of Zn and Al is neglected.  
In this work, we report on detailed in-situ investigations during 
the activation process of a Cu/ZnO:Al (in atom-% 69Cu / 29Zn / 
2Al, XRF Table S2) catalyst by means of ambient pressure X-
ray absorption near edge spectroscopy (XANES) and extended 
X-ray absorption fine structure spectroscopy (EXAFS) at the L-
edge of Cu/Zn and the K-edge of Cu/Zn/Al. The gas atmosphere 
is analyzed by online mass spectrometry. In addition, operando 
XANES and EXAFS measurements are performed under rWGS 
conditions. The synthesis protocol is described briefly in the 
supporting information (SI). In previous studies an analogously 
prepared catalyst showed very promising catalytic results.[8] 
XANES reference measurements are given in the SI. The 
structural changes of the precursor upon calcination and 
activation are investigated in-situ by powder XRD as integral 
method (Fig S9a-c). 
Figure 1(a) shows the XANES data of the Cu L3-edge, a 
sensitive probe of the Cu oxidation state, as a function of 
temperature and time in 10% H2/Ar at 980 mbar. Since the 
conversion electron yield (CEY) was measured, the gained 
information is particularly surface sensitive.[9] The precatalyst at 
room temperature (RT) is measured as reference (black curve). 
Feature-I at 931 eV is identified as Cu(II) as part of the oxidic 
CuO/ZnO:Al precatalyst (2p to 3d transition).[10] Upon heating to 
150 °C feature-I decreases continuously and already at 150 °C 
and 74 min, no Cu(II) is visible anymore. Consequently the Cu(I) 
white-line at 150 °C increases gradually until 44 min, visible as 
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Figure 1: XANES measurements at the Cu- and Zn-edges during 
catalyst activation in 10% H2/Ar at ambient pressure. The normalized 
spectra are shown at different temperatures and times (a)+(b). The 
corresponding gas analysis is given in (d). The normalised Cu K-
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feature-II at 933.3 eV. At 150 °C and 74 min, the white-line 
starts to decrease again. This is explained by a decrease of  
transitions into the hybridization (3d-4s) induced unoccupied 3 d-
states from Cu(I) to Cu(0) and an ongoing formation of Cu(0) 
metal occurs. This is accompanied by an increase of feature-III 
and -IV at 937.5 and 940.8 eV, respectively, which is attributed 
to transitions into unoccupied 4s states, 3d states with t2g- 
(feature-III) and eg-symmetry (feature-IV).[10-11] Between 150 °C 
/ 74 min and 250 °C / 159 min only minor changes are visible, 
indicating an almost complete reduction to Cu(0) near the 
surface at already 150 °C. Besides, the relative intensities of the 
post white-line resonances (feature-III and -IV) indicate charge 
transfer contributions.[11] Figure S2(a)+(b) shows the change of 
the Cu L3-edge at 250 °C as a function of time (blue curve in Fig. 
1a shows the final state). The data are normalized to the white-
line and thus relative changes, also compared to a Cu reference 
foil, become visible.  Flattened and not well resolved features-III 
and -IV represent a charge transfer to the Cu metal from the 
metal oxide moieties (ZnO:Al).[5c, 12] This effect weakens with 
increasing dwell time at 250 °C and 10% H2 in Ar at ambient 
pressure but still remains remarkably pronounced. For an 
efficient charge transfer, intimate interfacial contact (strong 
metal-support interaction, SMSI) is needed and prototypically 
described for CuZnO-based catalysts.[5a, 6a, 6d, 7a, 13]. 
These findings are supported by Figure 1(c) illustrating the Cu 
K-edge XANES spectra at different temperatures recorded at the 
recently installed CAT-ACT beamline[14] at the KIT synchrotron. 
The precatalyst shows a pre-edge at 8978 eV (1s to 3d 
transition) and a shoulder at 8986 eV (see inset Fig 1c). The first 
is attributed to Cu(II) in tetragonal environment and the latter 
indicates a calcination controlled Cu(II) doped ZnO in tetrahedral 
coordination.[15] This partly intermixed CuO-ZnO:Al interface, 
already present in the oxidic state and controlled by the 
synthesis protocol, is tentatively interpreted as prerequisite for 
an effective charge transfer and SMSI.  The decreasing white 
line at 8997 eV, a shift of the shoulder at 8988 to 8984 eV and 
an increase at 8981 eV (see green arrows Fig. 1c) indicate a 
complete reduction to Cu(0) at 200 °C, also for the more bulk-
like Cu-moieties.[7a] The ongoing reduction as a function of time 
and temperature (Fig. 1a) is also monitored by the consumption 
of H2 and the formation of H2O (Figure 1d, mass traces 
correspond to the measurement of the L3-edges of Cu/Zn and 
the K-edge of Al in Fig. 2a). The reduction completes during 
heating to 250 °C (see second H2O evolution, Fig. 1d), which is 
in good agreement with the XANES data of the Cu edges (Fig. 
1a+c). At RT, EXAFS fitting results (Table S1 and Figure S5) 
give a coordination number N=3.2±0.4 for the first coordination 
shell (Cu-O, 1.95 Å), a typical value below N<4 for 
nanostructured CuO.[16] At 2.92 Å another coordination shell is 
fitted (N=4, fixed) and might be ascribed to a small contribution 
of tetrahedrally coordinated Cu in ZnO as already discussed 
above. At 250 °C in the reduced state, the extracted EXAFS 
results give a Cu-Cu coordination number of N=8.3±1.5 at 2.53 
Å, which is again representative for defective nanostructured Cu 
moieties with an particle size estimated by EXAFS in the range 
of 2 nm (TEM analysis 8-9 nm[8]).[7a, 15, 17] The low coordination 
number and estimated particle size might be due to the initial 
formation of small Cu particles, a rather high Debye-Waller-
factor and defective, not perfectly shaped nanoparticles. Another 
contribution to these low numbers might be possible alloying 
with Zn, observed for model catalysts at 250 °C.[7a] However, the 
Cu domain size determined by in-situ XRD measurements 
confirms Cu nanostructures in the lower nm regime (Lvol-IB = 
3±0.09 nm) and the lattice parameter a=3.6143 Å corresponds 
to metallic Cu[18] as a sensitive probe for Zn incorporation (no 
alloying). 
The Zn L3-edge of the precatalyst in Figure 1(b) shows a pre-
resonance at 1023.4 eV (feature-V) and three oscillations at 
1025.8, 1027.3 and 1031.9 eV (feature-VI, VII and VIII). 
Feature-V is attributed to Zn(CO3) or other Zn(II)-salts like 
ZnSO4 or Zn(NO3)2  and is assigned to 4s contributions.[19] The 
features-VI, -VII and -VIII correlate with 4d-transitions, while the 
intensity ratio between the double feature-VI+VII and -VIII is 
interpreted as an indicator for the bonding character of the Zn 
(the following interpretation of e.g. iconicity or binding situation is 
solely discussed from the perspective of Zn). A higher intensity 
for feature-VIII represents a higher ionic character of the 
bonding (e.g. at RT) and a more intense VI+VII double-feature 
more covalence (i.e. at 250 °C).[20] Further, a higher covalent 
character of the Zn-O bond within the ZnO leads also to stronger 
contributions from hybridized orbitals (O 2p- and Zn 3d-states) to 
the Zn L3-edge spectrum.[21] This is in line with the continuously 
decreasing feature-V accompanied by a release of CO2 (Fig. 1d) 
due to the decomposition of ionic ZnCO3. The process of losing 
HT-CO3 and ionicity starts at 150 °C and finishes during heating 
to 250 °C. It is very likely that the reduction to Cu(I) and finally 
Cu(0), particularly at 150 °C, also contributes to the CO2 
emission since HT-CO3 is not exclusively attributed to the Zn-
moieties. These findings imply that the so far controversially 
discussed role of the Cu/Zn-HT-CO3 is related to the activation 
period since it decomposes completely.[3a] It might have a strong 
influence on the microstructure due to a slow-down of the 
reduction process itself and a possible control of phase 
separation tendencies. 
Figure 2(a) shows changes of the Al K-edge features during the 
activation process. The Al K-edge is a sensitive probe for the 
coordination environment of Al3+.[22] The precatalyst at RT has a 
shoulder at 1565.4 eV (feature-IX), a main resonance at 1569.5 
eV (feature-X) and a broad event at 1581.4 eV (feature-XI). The 
strong absorption feature-X represents octahedrally coordinated 
Al3+. This might be attributed to x-ray amorphous Al2O3 
polymorphs in the precatalyst.[23] At 150 °C in reducing 
atmosphere the intensity ratios change completely and feature-
IX is the most intense one, coupled to an increase of the broad 
feature-XI. The change in the intensity ratios also represents a 
change of the coordination environment of Al3+ from octahedral 
to tetrahedral. This is a rather uncommon coordination for a pure 
alumina phase and is interpreted as a migration of the Al-cations 
into the structure of the tetrahedrally coordinated wurtzite ZnO. 
The localization of Al3+ on ZnO sites (AlZn) was recently 
confirmed by 27Al-NMR (structural) and optical band gap 
(electronic) measurements.[5c] Here, the CuO/ZnO-Al2O3 
precatalyst develops a kind of self-doping upon activation to 


















































Figure 2: XANES measurements of the Al- and Zn K-edges during 
the catalyst activation in 10% H2/Ar at ambient pressure. The Al K-
edge is plotted as a function of time and temperature (a). Derivative 
Zn K-edge spectra at the Zn K-edge at different temperatures (b). 





finally reach the reduced and Al-doped Cu/ZnO:Al state. The Al-
dopant is an important promoter and increases the CH3OH 
activity significantly.[5b] The suggested mechanism of self-doping 
would further explain the strongly Al-enriched surface upon 
activation[8] and the limited amount of Al3+ stabilized in ZnO 
without phase separation.[5b] The slightly increasing intensity of 
the feature-X at 250 °C is interpreted as an increase of 
octahedrally coordinated Al due to the possible formation of 
Al2O3 or ZnAl2O4 phase as a first sign of a segregation and 
deactivation event (i.e. γ-Al2O3 exhibits a defective spinel 
structure).[4a] This observation is supported by the slightly 
decreasing charge transfer from ZnO:Al to Cu metal at 250 °C 
(Fig. S2). Generally, the charge transfer from ZnO:Al to Cu and 
its accumulation at the interface might lead to an additional 
electrostatic stabilization of the latter and explain the higher 
stability compared to non-doped Cu/ZnO catalysts.[3a] 
 Figure 2(b) shows the derivative XANES spectra at the Zn K-
edge (see corresponding XANES Zn K-edge spectra Fig. S3) 
monitoring the changes of the sample from a different 
perspective. With increasing temperature, also the shoulder of 
the derivative at 9658.5 eV increases and is attributed to a 
difference in the pre-edge region due to the increasing number 
of oxygen vacancies (induced by the Al self-doping) and a 
possible overlap of the conduction band (Zn 4s-, 4 d- and O 2p-
states) and the Zn 3d-band.[24] This shoulder is also pronounced 
in the derivative of the Zn K-edge of a Zn metal reference (Fig. 
S10a). As a consequence Zn becomes slightly more electron-
rich and metallic, probably leading to an increased covalent 
character. This is supported by a decrease (and shift to lower 
photon energies) of the derivative at 9662.5 eV, attributed to the 
loss in ionicity due to decomposition of ZnCO3 accompanied by 
a change in the coordination environment from in parts 
octahedral (ZnCO3) to tetrahedral (wurtzite ZnO). The increase 
and shift of the resonance at 9667.5 eV to higher photon 
energies with increasing temperature is again a typical near 
edge feature of doped ZnO (ZnO asymmetry, higher 
covalence).[25] The slightly increasing features (9663 and 9673 
eV) of the Zn K-edge as a function of time at 200 °C support the 
possible formation of small amounts of ZnAl2O4-spinel 
(Fig.S3).[24] The EXAFS fitting results of the Zn K-edge data at 
RT (Table S1) give an oxygen coordination at 1.94 Å of 
N=2.9±0.7. This low coordination number N<4 is a typical sign 
for nanostructured ZnO, which is further decreased upon 
reduction at 250 °C to N=2.6±0.7 at 1.93 Å and evidences an 
oxygen deficient character of ZnO.[8] This is underlined by the 
parallel occurrence of various types of metastable ZnO 
polymorphs, i.e. layered or graphitic-like ZnO (N=3, higher 
electron density at Zn(II-x)).[5d-f, 8] The formation mechanism of 
the ZnO-overlayer was so far related to the reduction process. 
Since the activation of a catalyst depends, besides the reduction, 
on manifold processes, all of these might have an impact on the 
polymorphism of ZnO. Figure 3(a) shows a TEM image of the 
activated catalysts at 250 °C with a homogeneous Cu-ZnO 
nanostructure and a pronounced ZnO-overlayer formation. At 
150 °C the Cu particles are not yet entirely embedded or 
covered by ZnO (Fig. 3b). This is interpreted as the initialization 
state of the ZnO-overlayer formation.  
 To clarify the contribution of the HT-CO3 to the ZnO-overlayer 
formation and self-doping process, a HT-CO3-free precatalyst 
calcined at 520 °C was activated in 10 % H2 in Ar and 
investigated in-situ with XANES (see also Table S2). Figure 
S7(a-c) show XANES spectra at the Cu/Zn L3-edges and the Al 
K-edge. In Figure S7a no HT-CO3 feature is identified already at 
RT since the pre-resonance at 1023.4 eV is absent. In addition, 
the covalent character of the Zn-O bonding is indicated by the 
double feature around 1028 eV, more intense than the feature at 
~1032 eV. Figure S7b shows the stepwise reduction of Cu(II) to 
Cu(0) with weak post-edge oscillations, particularly at 942 eV, 
clearly corroborating the charge transfer contribution from the 
ZnO:Al (see also Fig. 1a and b).[11] The Al K-edge in Figure S7c 
again illustrates the change in the coordination environment of 
Al3+ from octahedral to tetrahedral, evidencing the self-doping 
process of ZnO:Al (Al3+ into ZnO) also occurring without HT-CO3 
as part of the precatalyst structure. This is in line with HR-TEM 
investigations showing the formation of a ZnO-overlayer created 
upon activation of a HT-CO3-free sample (Fig. 3d). Furthermore, 
the high calcination temperatures and the absence of HT-CO3 
seem to lead to an inhomogeneous distribution of Cu- and ZnO-
moieties (Fig. 3c). This would be in line with the interpretation on 
the impact of HT-CO3 as species controlling the activation 
process and phase separation tendencies. 
Figure 3(e) and 3(f) show HR-TEM images of a binary Cu/ZnO 
catalyst without Al. The nanostructured Cu metal is mainly 
embedded into a crystalline wurtzite ZnO phase (Fig. 3e). The 
formation of ZnO-overlayer structures is indicated in Figure 3(f), 
but in comparison to the ternary Cu/ZnO:Al system (Fig. 3a) 
underrepresented. This is tentatively interpreted as a correlation 
of the self-doping process of the system and the polymorphism 
Figure 3: HRTEM investigations on the Cu/ZnO:Al catalyst activated 
at 250°C in 10 % H2 in Ar (a), after 60 min at 150 °C in 10 % H2 in Ar 
(b), activated at 250 °C without HT-CO3 (c)+(d) and the binary 
Cu/ZnO catalyst activated at 250 °C (e)+(f). A detailed analysis of the 









of ZnO upon activation, leading to a kind of push-pull 
mechanism when the reduction of Cu is accompanied by Al3+ 
migration into the ZnO lattice (SMSI induced push-mechanism in 
the binary case).  
To finally judge the catalytic relevance of the discussed 
processes, a fresh sample was again reduced at ambient 
pressure in 10 % H2 in Ar with a heating rate of 5 °C/min and a 
dwell time of 30 min (Fig. 4). To extract the changes of the 
Cu/Zn L3-edges and Al K-edge occurring upon switching the gas 
feed from reducing to rWGS mixture (5 % H2 / 5 % CO2 in Ar), all 
edges were measured before applying the rWGS reaction 
conditions and after reaching a steady-state performance. 
Figure 4(d) monitors changes of gas atmospheres and product 
formation by mass spectrometry and gas chromatography. The 
formation of the rWGS products H2O and CO is clearly visible 
when introducing CO2 in the feed. Already after 60 min under 
rWGS conditions a steady-state situation is reached without any 
sign of deactivation, which means the spectra measured in the 
following represent the catalyst in an activated state. Since the 
CO2 containing gas environment decreases the signal to noise 
ratio, several spectra are averaged. The smoothed curves are 
additionally shown in Fig. S8. Figure 4(a) shows the Cu L3-
spectra. During the rWGS reaction the post-edge oscillations are 
slightly increased, particularly at 941 eV (see also Fig. S8a). 
The Zn L3-edge (Fig. 4b and S8b) shows a decrease of the 
shoulder at 1023.5 eV and the post-resonance (1033-1034 eV) 
with respect to the double feature at 1026-1027 eV. The 
changes of the Al K-edge under rWGS conditions are also small 
but visible (Fig. 4c). With respect to the resonance at 1570 eV 
(octahedral coordination), the other features at 1565 eV and 
1582 eV, representing tetrahedral coordination, are slightly 
decreased. All changes of the activated catalyst before and after 
the rWGS reaction in steady-state are rather small, however, 
they point in the same direction: a first sign of restructuring and 
recrystallization (loss of charge transfer from ZnO:Al to Cu, more 
wurtzite-like ZnO and less Al-dopant in ZnO). This means that 
after the activation, a kinetically stabilized high energy state of 
the ternary catalyst is created. Phase transition at the surface of 
the catalyst, induced by the chemical potential of the gas phase, 
may initialize a deactivation process governed by structural 
changes.[4a] Figure S6 and S10 show XANES spectra of the Cu 
K-edge and Zn K-edge under rWGS conditions at 250 °C. The 
Cu-signals observed after reduction are found to be stable under 
these conditions, which is in line with the findings above (Fig. 
S6). The derivatives of the Zn K-edges show small differences 
(Fig. S10b) attributed to a loss of oxygen vacancies (decrease at 
9658.5 eV) and an increased covalence (shift to higher photon 
energies at 9662.5 and 9667.5 eV). This interpretation matches 
the results discussed in Fig. 4 (Cu/Zn L-edge and Al K-edge) 
evidencing, a rather stable character of Cu, but Zn:Al-moieties 
which change slightly under rWGS conditions. However, even 
with the surface sensitive XAFS measurements, the changes 
are at the limit of interpretability and a clear statement for the 
need of sensitive in-situ/operando instruments. 
Another point of discussion is the layered metastable ZnO 
polymorph. In the available literature, this phenomenon is rarely 
identified and discussed. This means that (i) a reduced ternary 
catalyst was not often analyzed by suitable means to identify a 
minority phase next to Cu. (ii) The investigated catalysts were 
different in composition, i.e. in terms of the Al-content used for 
the synthesis (here: 3 at-%). Generally, the amount of Al in the 
industrially relevant catalyst is rather in the range of 5-10 at-
%.[26] Since we identified a possible push-pull mechanism during 
the self-doping of ZnO as a trigger for the overlayer formation, 
this process might be different/absent if higher Al-contents are 
selected and the formation of ZnAl2O4 spinel structures are 
favored. However, the intimate contact of the different metal 
oxides is already visible in the precatalyst state. It seems that a 
proper activation process finally leads to an optimized interfacial 
contact of Cu metal and the metal oxide moieties (here: ZnO:Al) 
and, independent of the ZnO polymorph, the first loss in activity 
(formation phase) generally observed after activating a Cu/ZnO-
based catalyst is due to a reduced interfacial contact by the 
mobility of ZnO-containing phases. 
In summary, we report on the intriguing processes during 
the activation period of a Cu/ZnO:Al catalyst, as illustratively 
visualized in Scheme 1. Besides the consecutive reduction of 
Cu(II)►Cu(I)►Cu(0), manifold other phenomena occur. The 
CO2 emission at already 150 °C and the Zn L3-edge spectra 
show the loss of the HT-CO3 fractions still present after mild 
calcination (330 °C). The Cu K-edge spectra and EXAFS fitting 
results indicate a Cu(II) doping of ZnO related to calcination, as 
prerequisite for an intimate interfacial contact in the activated 
catalyst. Moreover, the coordination environment of Al changes 
from octahedral to tetrahedral, likely as part of a self-doping 
process (Al3+ into ZnO), enabling a charge transfer from ZnO:Al 
to Cu. This process is decoupled from the HT-CO3 
decomposition, since the coordination switch occurs also in a 
HT-CO3-free sample (calcined at 520°C). It seems that the 
Figure 4: XANES measurements of the Cu L3-edge (a), Zn L3-
edge (b), Al K-edge (c) before and after applying the rWGS 
reaction at WHSV of 24000 ml/g. Product analysis with MS (not 
corrected for fragmentation contributions) and GC is shown in (d). 
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Scheme 1: The occuring changes of a Cu/ZnO:Al catalyst during 
its activation. The empty space symbols a negligible effect, double 
(++) a pronounced contribution. 





migration of Al3+ into ZnO is part of a push-pull (Cu reduction) 
mechanism which triggers the polymorphism and formation of 
metastable layered ZnO moieties. The stability of these effects 
under rWGS conditions is validated since only small changes, 
which point at the mobility of the ZnO:Al part, are observed 
during steady-state catalysis. In conclusion, this combined 
ambient pressure in-situ/operando XAS study reveals the 
importance of a proper multi-event activation of Cu/ZnO-based 
catalysts in general. The mildest possible conditions (i.e. H2 
concentration, temperature, time) might yield to a maximum of 
kinetically stabilized high energy surfaces without phase 
separation and the most active catalyst.  
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